Mongolia is not only a water-scarce but also a data-scarce country with regard to environmental information. At the same time, regional effects of global climate change, major land use changes, a booming mining sector, and growing cities with insufficient and decaying water and wastewater infrastructures result in an increasingly unsustainable exploitation and contamination of ground and surface water resources putting at risk both aquatic ecosystems and human health. For the mesoscale (≈15,000 km 2 ) model region of the Kharaa River Basin (KRB), we investigated (1) the current state of aquatic ecosystems, water availability and quality; (2) past and expected future trends in these fields and
Introduction
Integrated Water Resources Management (IWRM), which Global Water Partnership (GWP) defined as the "process which promotes the coordinated development and management of water, land, and related resources, in order to maximize the resultant economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems" [1] is considered as the most appropriate general concept for water management, specifically for developing and transformation countries [2, 3] . The United Nations have recommended IWRM as a straightforward approach for meeting the Millennium Development Goals in their World Water Development Report (2006) [4, 5] . The concept of IWRM has gained wide acceptance in the majority of countries worldwide in the last 20 years, but the actual implementation of IWRM is lagging behind formal inclusion into policies, strategies and laws [6, 7] .
The broadness of GWP's IWRM definition makes it a framework for normative and strategic water management that leaves space for many different types of approaches at the operational level adapted to the respective situation in specific countries or regions [3, 8] . However, the concept has also been heavily criticized for its vagueness. Since the definition tries to be as holistic as possible, it incorporates both sustainable development and cross-sectorial planning simultaneously, both of which are extremely complex and comprehensive in themselves [9] . Hering and Ingold [10] have doubts on the overall feasibility and implementabilty of IWRM, which from their point of view is lacking methodology. Biswas [11] considers IWRM an "undefinable and unimplementable concept" that is politically preferable simply because of its vagueness that allows people to continue with what they had always done by only renaming their process after the current politically correct terms.
The sufficient access to comprehensive and reliable data is a prerequisite for the transition from IWRM concepts to actual implementation. The support of all engaged parties with unbiased and trustworthy information can only be delivered by independent science [12] . Unfortunately, developing and transition countries are often not able to operate independent research and monitoring due to lacking financial, infrastructural, or educational capacities. Therefore they often have to rely on financial support from external donors and/or data collected in the context of international collaborations. While this brings a risk of bias, there is also an opportunity for science to contribute the required expertise and give a stimulus to necessary stakeholder dialogues [2, 4] .
Recently, the ecosystem services (ESS) concept has been proposed as a suitable basis for prioritizing decisions at the river basin level [13, 14] . However, the inclusion of ecosystem services into IWRM processes requires a sound knowledge of interactions between societal changes, terrestrial ecosystems, and water resources. In particular, the ESS approach is based on an estimation of incomes and costs linked to the utilization and management of water [15] . This is not possible without sufficient data on the water cycle, aquatic ecosystems and the direct or indirect socioeconomic benefits obtained, as well as investments needed to protect water resources.
Since 2004, the Mongolian government has gradually adopted the IWRM concept as the guiding principle for national water policy and designated 29 river basins of national importance, for which river basin management plans (RBMPs) are to be developed [16] . The resulting plans are expected to fulfill five main tasks: (1) providing an inventory and characterization of water bodies within the river basin; (2) preventing potential water scarcity; (3) protecting water resources against pollution; (4) allocating water resources in the most efficient way and (5) increasing water availability for domestic and commercial use. The implementation period of this first series of RBMPs was planned to be from 2015 to 2021 [17] . In addition to this, the Mongolian government has recently expressed a growing interest in the ESS concept. However, like in many other sparsely settled Central Asian countries that have recently undergone a profound socio-economic and political transition, data scarcity is a significant challenge for IWRM implementation in general and the formulation of RBMPs and assessment of ESS in particular [2, 18] . Section 2 of this paper provides an overview on the study region and outlines the political and legal framework for water resources management. Section 3 analyzes the availability of relevant planning data for the conceptualization and implementation of river basin and urban water resources management strategies, including the role that a German-Mongolian research project on IWRM (Integrated Water Resources Management in Central Asia-Model Region Mongolia; IWRM MoMo) played for improving data availability. The lessons learnt for the implementability of IWRM under data scarcity and the role that research projects can play in this context are discussed in the conclusions (Section 5).
Characteristics of the Study Region
The following section provides a description of the KRB in order to characterize the regional framework conditions and key challenges for water resources management. With a total catchment area of 14,534 km 2 the KRB is located north of the capital Ulaanbaatar, between latitudes 47°53′ N and 49°38′ N and longitudes 105°19′ E and 107°22′ E (see Figure 1 ). Key reasons for selecting the KRB as a model region for IWRM implementation in Mongolia included (1) environmental conditions typical for large parts of Central Asia; (2) strong gradients ranging from pristine streams to rivers under significant anthropogenic influences; (3) better-than-average data availability and (4) a central location within Mongolia which facilitates the transfer and duplication of measures [17] . 
Water Availability and Its Determinants
The subarctic continental climate in the KRB is characterized by very cold winters with temperatures regularly reaching −40 °C and below, warm summers, and an average annual precipitation ranging from 250 mm in the downstream areas to 350 mm in the headwater areas. With regard to precipitation, there are large regional and interannual variations [16, 19] . Under present climate and land cover conditions, on average more than 85% of the annual precipitation is lost due to evapotranspiration [19] . During summer (June-August), evapotranspiration in the semi-arid parts of the KRB even exceeds precipitation [20] and runoff generation is limited to strong summer rainfall events. In contrast, high summer evapotranspiration rates in the headwaters are usually surpassed by precipitation [20] . Thus, the mountainous parts of the catchment are important regions for freshwater generation. Further, common phenomena in the headwaters (and to a much smaller extent in the lowlands) are snow, permafrost, and aufeis [21, 22] which contribute to river runoff, especially during snow melt in late spring or early summer. Climate variability and change are major drivers of hydrological trends in drylands [23, 24] . In Mongolia, air temperature has increased by 1.8 °C since the 1940s [25] , with spatially and temporally very different precipitation trends [26] . Until recently, practically no information was available for the headwater regions of the Kharaa. Climate scenarios predict a further increase of mean annual air temperature between 2.6 and 5.1 °C in Mongolia during the 21st century, while mean annual precipitation is expected to increase by 20 mm to 86 mm [27] . This may lead to a decrease in runoff via increased evaporation and an increased likelihood of water scarcity [26] . It should be noted though that there are high uncertainties regarding future precipitation, and projected precipitation changes between different climate models for the same scenario which are often larger than between two scenarios [28] . Some authors predict a significant decrease in precipitation in northern Mongolia from the 2070s onwards [29] .
Land use changes may be of an even larger hydrological relevance than climate change, having effects on both water quantities and quality [16] . Causes of land use change include the extension of agricultural activities, rising livestock numbers, logging, wildfires, and mining. A massive expansion and intensification of the agricultural sector is currently being propagated by national agropolitics [30] and will lead to an increase in agricultural lands of 50% to 100%, with the side-effect of losses of large areas of natural vegetation and their related ecosystem services and functions [31] . However, observational studies that link land use, soil water balance, and evapotranspiration are limited to two point studies carried out during the IWRM MoMo project [20] . To our knowledge, there exist few studies in the substantially drier desert steppe ecotone in Inner Mongolia, China, which have focused on the effect of grazing on water and heat fluxes [32] . Therefore, little is known about the effects of land use change on evapotranspiration and freshwater generation under the given hydro-climatic conditions of the KRB.
Besides economic constraints [33] , water availability is already the most important limiting factor for agricultural production. Thus, irrigation is seen as one solution to this dilemma, even more so because climate change leads to an increase in agricultural water demand in large parts of Mongolia, including parts of the KRB [28] .
Between April 2000 and May 2012, a total of 200,000 ha, or about 14%, of the forested area in the KRB were affected by wildfires to various degrees. The majority of wildfires occurred in the boreal zone of the headwater regions, thereby altering almost pristine ecosystems that are of major importance for regulating the water regime [16, 31, 34] . The comparison of precipitation, soil moisture, and evapotranspiration on a steppe and shrubland site in the upper KRB revealed that there is only a negligible freshwater generation in sparsely vegetated steppe areas, whereas shrubland and boreal forests play an important role for water availability for the entire river basin [20] . The increasing scarcity of water will probably trigger competition between different water-users. Of particular relevance in this context is the booming mining sector. In the KRB, mining sites cover around 130 km 2 , but relatively little is known about their water consumption. Given the geological conditions and technology in use, a consumption of around 7 m 3 of water per 1 m 3 of ore seems to be realistic [35] . For Mongolia, Batsukh et al. [36] estimated the major water consumers to be mining (26.7% of abstractions), followed by domestic use (20.3%), livestock (20.2%), and irrigation (14.9%). By contrast, the Mongolian Ministry of Environment and Green Development estimated that 54% of the water is used for agriculture, 21% for municipalities, 15 % for industries (including mining), 10% for energy and 1% for other uses including tourism and transport. Even though the agricultural sector is currently (2010) the biggest water user, the projected water demand of the mining sector is supposed to exceed the water usage of agriculture until within the next decade [33] .
Water Quality and Aquatic Ecosystem Status
The Kharaa River Basin is, by international standards, characterized by a relatively low population density (about 8 people/km 2 ). Nevertheless, localized concentrations of population, an often poor state of urban wastewater infrastructures, high livestock densities in the riverine floodplains, and large-scale mining activities are potential threats to the aquatic ecosystems of the Kharaa. Among the key stressors affecting water quality and the aquatic ecosystem of the Kharaa are rising nutrient inputs, high fine sediment loads, the loss of habitat integrity of hyporheic and riparian zones, and mining-related influxes of toxic substances [16, 37] .
A state inventory for surface water in Mongolia conducted in 2003 showed that even though most rivers in the country were in relatively pristine condition, at least 23 rivers in eight provinces were morphologically changed and/or polluted due to mining activities [36] , including the Kharaa-Orkhon-Selenga river system. Studies in the Kharaa and adjoining river basins show that gold mining is a major polluter [38] [39] [40] [41] and that it drastically affects the ecology of diatom, macrozoobenthos, and fish communities [42, 43] . Moreover, high concentrations of nutrients, boron, and a high electrical conductivity which were observed in several locations in the lower KRB are indications of groundwater contamination by improper wastewater disposal [33] .
In recent years, increasing nutrient loads could be observed in the Kharaa River, with a considerable longitudinal deterioration of water quality. Results of nutrient emission modeling confirm that urban settlements are the main sources for nitrogen and phosphorus emissions [44] [45] [46] . Since only 35% of the total population in the river basin is connected to wastewater treatment plants (WWTPs), unconnected urban areas represent an important proportion of the total emissions. At the same time, due to their poor state, WWTPs themselves are substantial point sources for nutrient influxes. Agriculture contributes 35% of total nitrogen and 32% of total phosphorus emissions [41] [42] [43] [44] , mostly through erosion from cultivated land and fallows. Sediment input caused by river bank erosion is a significant emission pathway for phosphorus [47] [48] [49] . This process is triggered by an increasing degradation of riparian vegetation due to high livestock densities with free access to the running waters.
Furthermore, high fine sediment loads constitute a major problem themselves since sediment-induced clogging inhibits essential habitat functions of the hyporheic zone [47, 50] . As a consequence, functional shifts of the macroinvertebrate community and fish fauna have already been observed [44, 51] . Isotope-based sediment source fingerprinting techniques identified riverbank erosion (74.5%) and surface upland erosion (21.7%) as the main contributors to the suspended fine sediment load in the catchment [47, 48] . Using erosion risk scenarios, Priess et al. [52] showed that erosion could increase more than twofold in the steppe regions of the lower KRB and up to sevenfold in the forested and mountainous upper KRB due to the combined impacts of land use and climate changes. However, the authors also argue that land management practices which are adapted to the semi-arid steppe environment (e.g., mulching of croplands with wheat straw) could in the future help to reduce soil erosion.
Water in Urban Mongolia: The Example of Darkhan
IWRM is particularly complex in the context of urban areas. Cities are not only characterized by a local concentration of water abstractions and wastewater generation. They typically depend on water resources from their hinterland, and contaminate rivers further downstream. Therefore, sustainable urban water management needs to look beyond city borders [53] . Moreover, an integrated concept for urban water management requires a clearly defined strategy for priority setting [54] . This is particularly relevant in the context of transition countries like Mongolia experiencing a rapid urbanization which often outpaces urban planning and development.
In the case of Darkhan, the largest city in the Kharaa River Basin and third-largest city in Mongolia, key challenges in urban water management include the efficient provision of adequate quantities of safe drinking water, sanitation services, and wastewater management (see Table 1 ). [55] . The ash basin of Darkhan's thermal power plant, which is located near two of the city's drinking water wells, is heavily contaminated with arsenic [40, 41] . Groundwater in several parts of Darkhan shows signs of wastewater contamination, e.g., through elevated boron and chloride levels [37] . Shallow wells located in the proximity of latrines are potential sources of water-borne disease transmission, but reliable data on microbiological water quality and water-borne infections are almost non-existent [56] .
Water losses in centralized supply system Large apartment blocks in Darkhan are connected to the city's centralized cold and warm water distribution system. Until repair works were started in 2012, leakage losses were about 50%. Moreover, low water fees and the absence of meters leads to a very high per capita consumption, which was around 400 L/day in 2009 [35, 57] .
Limited access to water in peri-urban ger areas Peri-urban ger areas receive their drinking water either from pipe-or truck-fed water kiosks, by private wells or by surface water. The daily per capita household water consumption in Darkhan's ger areas averages about 12 L, which falls below the minimum UNICEF and WHO recommendations of 15 to 25 L·cap
This may be explained both by a relatively high cost and the more difficult access to water as compared to tap water [58] .
Deficient urban wastewater treatment
Since its commissioning in 1968, no constructional changes besides some minor works in 1978 and 1998 have been undertaken at Darkhan's WWTP [59] . The plant was not designed to eliminate nitrogen and phosphorous and the disinfection stage (chlorination) has been out of order for several years. There is a potential risk of oxygen depletion and eutrophication for the receiving water body, the Kharaa River. The ongoing growth of Darkhan's population, which is expected to double to more than 160,000 inhabitants by 2040, may aggravate this problem unless improvements in waste water treatment are made [16] .
Deficient urban storm water management
The storm water network which is separated from the wastewater network consists of drainpipes (mostly underneath the main roads) and open channels outside the city. It discharges into the floodplain of the Kharaa River. Poor maintenance of the storm water network leads to regular blocking of open channels with solid waste and blocking of pipes with sediment. This causes a regular flooding of residential areas, including property damages after heavy rainfalls [35] .
The situation in Darkhan is typical for major cities in Mongolia, such as most Aimag (province) capitals. In many cases, a clear prioritization of measures is difficult due to a lack of data about both environmental contamination and urban water consumption. A methodology for identifying, bundling, and prioritizing urban water management measures under such conditions is described by Rost et al. [54] .
Legal, Political and Institutional Framework for Environmental Monitoring and IWRM Implementation
In the context of the IWRM MoMo project, the legal, political, and institutional framework for IWRM implementation in Mongolia was systematically investigated. When the project started in 2006, Mongolia was undergoing a far-reaching political and socio-economic transformation process which had begun in the 1990s. This transformation also had a strong impact on water management [60] . The Mongolian water sector had been dominated by central planning during Soviet times, but the water administration was almost entirely abolished during the transformation in 1990. New institutions were gradually established, and under its 2004 and 2012 Water Law, Mongolia decided to introduce water governance at the river basin level. To this end, 29 river basins were officially identified by the Ministry of Nature, Environment, and Tourism (MNET) on the basis of hydrological criteria but also considering economic and political implications [16] . The recent and still ongoing transformation on the one hand offers the opportunity of a political framework that is dynamic and flexible enough to deal with a concept like IWRM that requires constant adaptations to changing realities. On the other hand, the lack of a robust political backbone structure to support the empowerment of laws and institutions is counter-productive for IWRM implementation and also prevents an effective long-term monitoring of environmental changes [2] .
At the national level, two new institutions were created to implement IWRM: the Water Authority (WA) as the main agency to implement river basin management (RBM) and the National Water Council (NWC), assembling representatives of seven different ministries in order to enhance a cross-sectoral approach to water governance [16] . The implementation of these institutional changes faced severe challenges both at national and at river basin levels. Deficient cooperation and coordination between multiple institutions with overlapping responsibilities were major obstacles to effective water governance. Moreover, there was a mismatch between the boundaries of the newly created river basins and those of existing public administrations [61] . Even though several River Basin Councils (RBCs) were created [62, 63] , their scope of action has been seriously restricted by legal power, financial resources, and political mandate. A key issue of concern in this context was the unavailability of adequate funding for the RBCs (only the chairperson and the secretary were paid, but there was no budget for the functioning of the council). As a result, only in the basins that were supported by external donors could RBCs de facto be created and partially started developing RBMPs [16, 64, 65] .
As a response to the persisting difficulties in the implementation of IWRM and in the face of increasing problems of water pollution and growing water demand, the Mongolian government adopted a new water law in 2012 [66] . At the national level, environmental and water governance gained stronger political influence, including the Ministry of Environment and Green Development (MEGD, i.e., the former MNET) and the National Water Council, which were also placed under the auspices of the prime minister. A new entity for the financing, construction, and maintenance of water infrastructure, Mongol Us, was created. Moreover, the new budget law provides for significant financial means for local governments, potentially benefitting local environmental governance and the implementation of RBMPs [16, 67] . At the river basin level, RBCs were dissolved and river basin administrations (RBAs) formed instead, with plans to revitalize RBCs in the future.
IWRM Implementation under Data Scarcity: Experiences from the Kharaa River Basin, Mongolia
Ideal conditions for IWRM implementation would include reliable and easily accessible data as a prerequisite for planning and decision-making; a suitable legal, political, and institutional framework; motivated and well-trained professionals as well as a wide participation of the general public. The following sections compare the data situation prior and after to the project, discussing to what degree the problem of data scarcity could be solved in the context of the IWRM MoMo project.
Data Availability at the River Basin Level and Implications for River Basin Management
In its very beginning, the surface water monitoring network in Mongolia comprised a total of 142 gauging stations on 75 streams and 12 lakes, where monthly discharge measurements had been conducted since the 1900s [68] . Systematic water quality monitoring in Mongolia began in the late 1940s and early 1950s. Until 1975, the monitoring was restricted to basic parameters for a limited number of stations, e.g., river flows and discharges, total suspended solids (TSS) and total dissolved solids (TDS), electrical conductivity (EC), pH, major ions and hardness. In 1976, the Central Laboratory for Environment at the Institute of Meteorology, Hydrology and the Environment (IMHE), Ulaanbaatar, became responsible for water quality and pollution monitoring. Under their regime, organic pollutants and nutrients were added as quality parameters, especially for surface water surveys near provincial centers and industrial areas. In the year 2013, samples were taken at a total of 209 locations on 80 rivers and 15 lakes [69] . The chemical data comprise monthly and seasonal measurements of physico-chemical parameters (pH, temperature, and electrical conductivity) and the concentrations of dissolved oxygen, biological oxygen demand, chemical oxygen demand, suspended solids, major ions, nutrients, and microelements (Fe, F, Mn, Cr, Cu, Mo). For biomonitoring, benthic macroinvertebrate and zooplankton samples had been taken each month from April to October since 1992 from 64 sites and sent to the Water Division of IMHE in Ulaanbaatar [70] . These hydrological, chemical, and biological data were compiled at the IHME in order to develop the database and an annual integrated report for future regulatory decisions by the MEGD. Besides the state agency, several research institutes also conduct their own water quality monitoring programs. The Water Institute (at present Institute of Geography and Geoecology, Mongolian Academy of Sciences) has been carrying out hydrochemical studies in the major rivers in Mongolia since 1970 [71] , but its database is only accessible for researchers from this institute.
In the following sections, the specific data situation in the KRB is discussed and the present data situation compared to that prior to the IWRM MoMo project (see Table 2 ). In 2006, when the project began on working for the scientific basis of an IWRM, reliable data on hydro-climatology, land use, water availability, physicochemical water quality, and the ecological state of water bodies in the Kharaa River Basin was scarce. As part of Mongolia's freshwater quality monitoring network, the Central Laboratory for Environment, IMHE, has regularly assessed the hydrochemical state of surface waters in the KRB since 1986 [69] . The results from a monitoring study at five sampling sites (one site each upstream and downstream of Zuunkharaa, one site each upstream and downstream of Darkhan, one site at Baruunkharaa, see Figure 1 ) for the period from 1986 to 2011 were evaluated and documented by a United Nations Development Program-Global Environment Facility (UNDP-GEF) project report [69] . At the beginning of the IWRM MoMo project, it was found that existing data were sometimes poorly documented (lack of meta-data and information on methodology), making them unsuitable as the scientific basis for IWRM implementation [35, 72] . Moreover, due to the low density of sampling points, additional sampling locations were defined in the project (see Figure 1) . 
Before the Project (2006)
Current State/after the Project (2014) Hydrology and water availability Limited climatological and hydrological data were available, but mostly restricted to the lower KRB. Discharge monitoring stations were located in the upper KRB (Sugnugur River), middle (near Baruunkhara) and lower KRB (downstream of Darkhan). Existing data were insufficient to assess the spatial heterogeneity of temperature and precipitation and to understand hydrological processes in different parts of the river catchment.
Climate and discharge monitoring stations were installed in the particularly data scarce upper KRB. Temperature and precipitation maps of the Kharaa River Basin were produced [73] . Runoff contributions from all subcatchments were estimated [19] .
There was no regionalized projection for climate and hydrological changes for the Kharaa or other nearby river basins.
A scenario study with the large-scale model WaterGAP3 (based on five arc minutes) showed a general increase in mean annual water availability with increasing spring and summer peaks [74] . A moderate increase in precipitation and a continuous, drastic increase in air temperature until the end of the 21st century leads to a slight decrease of simulated discharge [75] . Increasing water consumption around major cities in northern Mongolia is likely to exceed the increases in water availability [76, 77] . Up-to-date quantitative information on land cover did not exist. The occurrence of forest fires was described anecdotally but could not be quantified. The links between different landscape units/land covers on the hydrological cycle were poorly understood.
Land cover maps were created based on remote sensing and ground truthing. Land cover and land use change were monitored based on multitemporal imagery [30, 31, 52] . Forest fires and their impacts were quantified [78, 79] . Detailed field investigations in the relatively water-rich headwaters of the KRB showed that deforestation through forest fires and (illegal) timber extraction lead to increased runoff with rising flood peaks and intensified erosion, thus having adverse consequences on water availability further downstream [22, 34] . 
Current State/after the Project (2014) Water quality Water quality data was extremely scarce, and documentation on collection methods and data quality were typically lacking. There had not been any documented, systematic survey on surface or groundwater quality at the river basin scale before the project. Moreover, the relevance of individual stressors was unknown.
Sampling campaigns along the Kharaa and its tributaries were carried out and three automated water quality monitoring stations were installed in the upstream, midstream and downstream sections of the Kharaa. The observed gradients helped to (a) characterize the manmade increase of pollutant concentrations beyond natural background levels and (b) localize pollutant inflows. Obsolete and/or insufficient urban wastewater management, effluents of gold mining and livestock farming along the river banks were identified as main stressors, and (potential) pollution hot spots were mapped [16, 27, 37, 40, 41, 44] . Nutrient and sediment emissions, the relative importance of different sources and transport loads were not quantified.
Nutrient emissions were estimated using the nutrient emissions model MONERIS [41, 44] . Urban systems were found to be the leading source. Sediment sources were identified using geochemical and isotope-based fingerprinting techniques. River-bank erosion was identified as the predominant fine sediment source [47, 48] . For the period 2007 to 2013, the transport loads of sediments, nutrients, heavy metals, and sediments were calculated based on water quality and hydrological data [37, [44] [45] [46] .
Aquatic ecosystems
There was no consistent typology or classification of water body types. Reference conditions and their alterations under anthropogenic pressures were not described. Therefore, a reference based ecological characterization of surface water bodies was not possible.
It was possible to identify four surface water bodies along the main channel of the Kharaa and seven along its tributaries. These eleven water bodies could be assigned to five river types, comparable to the European river typology. Type-specific reference conditions could be identified [46] . Scientific information on the state of aquatic ecosystems did not exist. There were only assumptions about stressors. Therefore, water management decisions taking into account the specific situation of individual water bodies and the surrounding (sub-) catchments were impossible.
A comprehensive inventory of the aquatic fauna, physico-chemical and hydromorphological parameters was used to develop reference based ecological assessment tools incorporating several biological indicators and metrices [46] . An initial assessment revealed river sections being at risk of failing the good ecological status. Urban water management Information for planning sustainable urban water management was highly fragmented or did not exist.
A water budget for the city of Darkhan was calculated, following a compilation of water abstraction and water use data [79, 80] . Information on the state of water supply and wastewater management was documented [37, 57, 79, 81] .
Despite recent research activities along the Kharaa, Tuul, Orkhon, and Selenga rivers that go beyond the IWRM MoMo project [38, 39, 82, 83] , reliable environmental data for most other river basins is scarce to a degree making it a considerable obstacle for river basin management planning. Hydro-meteorological data and information on groundwater availability and quality are often lacking because of a limited monitoring network. Moreover, several environmental monitoring stations and programs have at least temporally ceased to operate since the 1990s, and relatively little is known about the current ecological state of many surface water bodies. With regard to environmental information, the Kharaa River Basin is an exception, however. For this reason, it is now by many, including relevant ministries and the National Water Committee, considered as a model region with reference data sets and methodologies for IWRM development in northern Mongolia.
The following two sections focus on three examples from the context of the IWRM MoMo project: urban water management, the modelling of nutrient emissions, and the assessment of aquatic ecosystems. They illustrate strategies to systematically improve data availability, but also show how initial assessments can be made despite data scarcity.
Urban Water Management under Data Scarcity
There are significant deficits in water supply and wastewater disposal in Mongolia. Groundwater contamination, water losses in the supply system, limited access to drinking water mainly in informal ger-areas, as well as defective or not adequately equipped WWTPs have negative impacts on human health and the environment [35, 37, 56, 58, 79] . Consequently, one key objective of the IWRM MoMo project was an integrated concept for urban water management which included more efficient water distribution and improvements in wastewater treatment and reuse as technical priority measures. The district of Orkhon Sum and the city of Darkhan were chosen as model areas representing rural, peri-urban and urban settings for a deficit analysis and the development and pilot testing of wastewater treatment systems [81] .
A lack of reliable data was initially a major challenge for identifying priority measures. Data scarcity included the following aspects:
1. Both the total amount of water abstractions and the limits of ecologically sustainable ground water abstractions were unknown [35, 37] . 2. Reliable water usage data was difficult to obtain due to a lack of water meters in private households [35, 57] . 3. Little was known about the quality of drinking water, especially for decentralized supply by small wells on private plots. The (potential) human health impacts of inadequate water supply and poor sanitation were difficult to assess [35, 56] . 4. A poor state or lack of wastewater treatment systems was widely acknowledged, but the impacts of wastewater discharge on ground and surface water resources and aquatic ecosystems could not be assessed due to a lack of environmental monitoring data [35, 79] .
The IWRM MoMo project dealt with this data scarcity in two ways: firstly, the project carried out an intensive monitoring program in order to assess current water availability, urban water use, and water quality. This data substantially improved the scientific basis for water management including the identification of priority measures [16] . In the context of urban water management, a concept for deficit analysis, measure identification and priorization (the "toolbox model") was developed that took into account the limited availability of reliable data. The "toolbox model" defined development objectives at the municipal and river basin scale, taking into account environmental, political, and socio-economic criteria, but also rules for decision making in case of data scarcity. It was designed to propagate measure bundles that help to maximize the environmental and socio-economic benefits within the shortest implementation time at the lowest cost while being as compatible as possible with existing political decisions [54, 84] .
Based on an ongoing assessment of the situation, several priority measures were identified for the Kharaa River Basin. For urban areas, massive leakage losses (about 50%) in the drinking water distribution system were found to be the largest problem on the supply side. Consequently, a methodology for leak detection that took into account the specific local situation (pipes located at a depth of 4.5-5 m) was developed and major leaks located [57] . For peri-urban and rural areas, the poor quality of (shallow) groundwater was found to be a major problem, requiring a systematic survey and in some cases the provision of alternative water sources [37] .
On the sanitation and wastewater side, the need for different, locally adapted solutions was recognized. In urban ger areas, where simple latrines contaminated local groundwater resources and put at risk the health and well-being of the local population, a urine diversion dry toilet (iPiT ® ) system was installed and tested. This toilet system was an integral component of a nutrient and energy recycling concept, using collected urine as the basis for fertilizer production and feces as a substrate for biogas production [81, 85, 86] . For small settlements and more sparsely settled urban areas that are far from existing wastewater infrastructures, decentralized options of wastewater collection and treatment were found to be preferential. Two systems were pilot-tested: a constructed wetland that incorporated both wastewater treatment and wood production [81, 87] and a small wastewater treatment plant based on the utilization of a special biofilm carrier (WSB ® Clean, Bergmann, Germany) that is suitable for settings with potential power cuts and irregular wastewater loadings [81] . Finally, as a technical option for upgrading the central wastewater treatment plant of Darkhan, the sequence batch reactor (SBR) technology was investigated as a flexible and compact option, allowing for capsulated (insulated against frost) and thus energy-effective treatment [59] .
Nutrient Emission Modelling under Data Scarcity
The calculation of nutrient emissions into surface waters, in-stream retention, and resulting loads for nitrogen (N) and phosphorus (P) was performed by applying and adapting the nutrient emission model MONERIS (Modeling Nutrient Emissions in River Systems), version 3.02 [88] at the subbasin level of the KRB at a yearly and a monthly basis [44] .
The availability, quality, and spatial resolution of input data and the subsequent data pre-processing determine the precision and reliability of model results to a decisive extent. The KRB is located in three different provinces (Selenge, Tov and Darkhan Uul aimag), for which data availability and restrictions differed. Because of different sources, the quality of model input data was not always consistent. In cases of poor data availability, it was necessary to develop approaches for deriving required input data by refining coarse data sets such as land use classifications based on satellite imagery. The following input data had to be derived or estimated for the application of MONERIS:
1. Atmospheric deposition on the water surface was estimated by evaluating publications, contacting experts, and applying this knowledge to the river basin characteristics. 2. Nitrogen surplus/deficits were calculated by adapting the Organization for Economic Development (OECD) approach [89] and using input data from the Ministry of Food, Agriculture and Light Industry (MOFA) and the Agricultural University of Darkhan. 3. Soil losses were estimated using an empirical approach based on the universal soil loss equation [90, 91] and on MONERIS specific correction factors for precipitation ratio (PRCF) and the long term mean Sediment Delivery Ratio (SDR) as described by [88] . 4. All waste water treatment plants were localized and missing discharge and pollution information was estimated based on type and size of treatment plants. 5 . The number of inhabitants per analytical unit (AU, smallest hydrological sub-catchment in MONERIS, [88] ) was derived from different statistical and GIS datasets. 6. Emissions and retention of anthropogenic excreta for areas without wastewater treatment were estimated with an empirical approach.
For the assessment of land cover and use, freely available remote sensing data, including Terra/Aqua MODIS and Landsat scenes as well as Google Earth ® imagery were used widely. Validation was performed for all land use classes by ground truthing in all parts of the river basin. This included the application of unmanned aerial vehicles (UAV) to obtain high-resolution imagery for specific investigations in the floodplain (see Figure 3) . A project-driven monitoring of water quality was carried out between 2006 and 2013. For this period, it was therefore possible to use quality-assured data, which were particularly valuable for the calculation of transport loads, and for plausibility checks of information sources that did not contain metadata and/or quality control data. The estimations of soil loss for the first MONERIS runs could be cross-checked and refined by intersection with a soil loss map for the KRB based on several erosion studies of the MoMo project [47, 48, 52] . Surface erosion was found to contribute approximately 22% to the suspended sediment load of the KRB, whereas riverbank erosion contributed up to 75%, mainly caused by livestock trampling. The soil type and soil loss maps were also intersected with land use maps (arable land, grassland, urban areas) and the slopes derived from digital elevation model based on Shuttle Radar Topography Mission (SRTM) data (spatial resolution: 90 m). Slope classes were defined for 0%-1%, 1%-2%, 2%-4%, 4%-8% and >8%). For the application of MONERIS in the KRB, adaptations of MONERIS constants were necessary. Altogether 15 out of 246 model constants had to be adapted [44] . Most adaptations were necessary in the "urban systems" pathway (especially for inhabitants not connected to WWTPs) to include also the rural settlements. Thus an intense data collection was necessary to fulfill the minimum requirements of MONERIS.
The validation of the MONERIS results in data-scarce regions is restricted to a comparison of modeled and observed loads. Since observed loads are calculated on the base of measured runoff and nutrient concentration at gauging stations, the installation of a project-driven surveillance monitoring was of great importance. The discharge is an important descriptor for hydrological forcings and the calculations of loads. Moreover, the long-term comparison of increasing or decreasing discharge trends is a relevant descriptor for decision-makers at the river basin scale. Quality assurance of data is necessary to provide a sound and reliable data base. In our study we installed water quality monitoring stations as data logger for discharge and other parameters (water temperature, pH, electrical conductivity, chlorophyll, turbidity) along the upper, middle, and lower reaches. Discharge observations of the Mongolian surveillance monitoring are available for two sites: one at Baruunkharaa and another one close to the outlet of KRB (Figure 1 This phenomenon can be explained by the fact that the observation of the Mongolian monitoring authority is carried out irregularly with a time step of 4-10 days between single measurements. By contrast, the MoMo data logger recorded measurements at 15 min intervals. In addition, during a visit of the official discharge gauging station operated by the WFMD, it was obvious that the applied instruments to determine discharge have not been calibrated over a longer time span (probably many years), and the functionality of the discharge meter was questionable [19] . Peak events during flooding are often missed in the WFMD data series due to the scarce and laborious manual observations. By contrast, the high temporal resolution of the data logger allows for a detailed investigation of hydrological processes and their effects on water quality.
Morphological changes of the river bed at the measuring site were found to be a likely source of miscalculations. At the monitoring site Baruunkharaa, where the meandering Kharaa deposits silty and sandy sediments in form of a shifting river island, the river profile has changed significantly at the site of the gauging station (Figure 3) . In fact, the image obtained from cameras mounted on a UAV (octocopter) helps to illustrate recent processes in the floodplain to decision-makers, including the recommendation to shift the location of the gauging station.
For the validation of MONERIS results, the mean calculated loads of the single years were compared to the observed loads. An example of the longtime measurements (2007-2012) of phosphorous concentrations (total phosphorus, TP) along the longitudinal profile from Kharaa main river and its tributaries is given in Figure 4 . Compared to the natural reference conditions in the Khentii Mountains (water body Kh_Trib_2 in Figure 4 ) the phosphorus enrichment is clearly visible, particularly after the confluence of the Zagdalin Gol (water body Kh_Trib_5) with the main channel of the Kharaa River (water body Kh_Main_4). Based on the long-term series of discharge and water quality measurements, the resulting loads could be calculated for the river basin outlet, showing evidence for a continuous increase of phosphorus concentrations [46] .
An overview on the total nutrient emissions (point and diffuse sources) into the KRB shows that agriculture with fertilizer and manure application contributed only 36% and 15% of the total P and N emissions, respectively. Urban settlements were the main sources, contributing 55% (N) and 52% (P) of the total emissions. Since only 35% of the total population in the river basin, are connected to WWTPs, unconnected people in urban areas represent an important proportion of the total emissions (38% of P and 25% of N emissions).
For decision-makers the reliability of nutrient modelling (e.g., by MONERIS) is crucial. A comparison of modelled and observed loads from MONERIS applications in KRB delivered mean deviations between 13% and 15% [41, 44] with no systematic error. In the future, the quality assurance of all input data, especially for water quality monitoring, could help to use the full potential of the MONERIS model for the identification of nutrient emission hot spots and the cost-effective implementation of countermeasures.
Assessing Aquatic Ecology and Environmental Impacts under Data Scarcity
There are significant knowledge deficits regarding aquatic ecosystem health in Mongolia. The country's pristine freshwater ecosystems are unique in their nature and extremely susceptible to anthropogenic pressures [17] . Therefore, the IWRM MoMo project did not only assess the ecological status of surface waters, but also determined major drivers and impacts of human activities. Moreover, we developed a reference-based ecological assessment scheme and proposed measures to counteract further degradation and enhance the integrity of aquatic ecosystems.
The IWRM MoMo project followed the ideas of European water management approaches as described in the European Water Framework Directive [93] . For the KRB, a lack of information was initially the biggest challenge for establishing a river basin management plan. This particularly involved the following aspects:
1. Surface waters were only poorly described with regard to major physical and chemical factors that determine their characteristics and hence the aquatic ecosystems. Different types of rivers or bodies of water (as a distinct manageable unit) were not defined. 2. Type-specific hydro-morphological, physico-chemical, and biological reference conditions representing a pristine or slightly disturbed ecological status had not been determined. 3. Therefore, an assessment scheme allowing the identification of good ecological status and deviations thereof was not available for Mongolia. Some ecological information was initially available, like species lists of fish [94, 95] or benthic invertebrates [96] , but ecological knowledge on individual species (ecological preferences, life cycles etc.) or community compositions was and remains extremely limited. 4. The types and magnitudes of significant anthropogenic pressures were not exactly known, but it
was obvious that open placer mining and emissions from a few urban centers played a major role. An assessment of the susceptibility of the surface water status to the pressures identified had not been done before.
An integrated monitoring program conducted between 2006 and 2013 included hydro-morphological, physico-chemical and biological (fish, benthic invertebrates and diatoms) surveys [44, 46] . An operative monitoring was proposed to Mongolian authorities to assess the status of those water bodies at risk of failing to meet the environmental objectives. The good surface water status (ecological status plus chemical status) was defined by the MoMo project as the environmental objective to be achieved. However, this needs refinement in future river basin management plans, especially with regard to the timespan to achieve these objectives.
The biological quality indicators surveyed, i.e., benthic invertebrate fauna and fish fauna, indicated a good ecological status for most river stretches in the Kharaa River basin (see [46] for details and maps) but also identified the most important pressures and impacts:
1. Open placer gold mining activities in the basin pose a significant pressure on aquatic ecosystems, especially in the Boroo valley and the Gatsuurt area. Effects of open placer mining include dramatic damages in hydromorphology, rising nutrient inputs, high fine sediment loads, and mining-related releases of toxic substances [18, 42, 51] . The initial risk assessment of the Boroo Gol indicated the "moderate" ecological status. The number of sensitive species as well as biodiversity in the benthic invertebrate community were strongly reduced. Furthermore, an increased share of potamphilic and lotic species was identified, indicating an altered hydrological situation. Additionally, many filamentous green and blue-green algae could be observed during the samplings. This also points towards hydrological alterations and increased nutrient concentrations. 2. Unsustainable land use practices (high intensity of livestock farming, forest fires) and missing riparian vegetation adjacent to the river caused land erosion and influx of eroded sediments into the rivers [33, 52] . Structural and functional metrics of the benthic invertebrate community indicated negative effects of fine sediment input from the catchment especially in the middle reaches of Kharaa Main River, but also in some of the tributaries. A reduced number of species, a lower Shannon diversity index [97] , a reduced number of sensitive Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies) (EPT) species as well as an increased number of fine sediment colonizers were found in those stretches where elevated turbidity in the surface water was detected. Sediment matrix traps were installed in selected stream sites in order to quantify fine sediment input from the stream to the river bed and the hyporheic zone.
A significantly increased accumulation of sediments in the matrix traps was found downstream of the confluence of Zagdalin River and Kharaa River. Moreover, evidence for the physical clogging of the river bed in some stretches of Kharaa River downstream from the confluence of Zagdalin River was found, reducing the habitat quality for benthic invertebrates with life stages associated with the hyporheic zone and for gravel-spawning fish [47, 49] . 3. Unsustainable fisheries management caused deficits in the fish populations of the Kharaa River.
Besides the pressures from open placer gold mining described above, intensive recreational fishing was found to pose a significant pressure on fish populations. Recreational fishing by local dwellers and excursionists from the capital Ulaanbaatar is common in this area. During the investigations in the Kharaa river basin in total 14 fish species belonging to nine families were recorded [43] . Intensive fishing caused a significant deficit in the distribution of age classes at several river reaches with a relative reduction of larger and older fish. These sexually mature individuals are essential for self-sustaining fish populations. A dramatic decline in occurrence was found for the taimen (Hucho taimen), which is a red-listed fish species in Mongolia. Existing Mongolian laws which define a minimum size for fish caught as well as off-periods for fisheries are not respected by local fishermen and not implemented effectively by the environmental administration but their enforcement will play a crucial role to preserve ecological health of the rivers in the future.
Such an impact assessment is a prerequisite for decision-makers to take aquatic ecosystem health into account during the formulation of river basin management plans. Nevertheless, reference conditions for the lower stream reaches with sandy sediments are yet to be established.
Summary of Key Findings
Sufficient, reliable and consistent data is a prerequisite for IWRM planning. Even though the data situation in Mongolia is poor, the Mongolian government has selected IWRM as the conceptual framework for water management planning. Results of a major research project have helped significantly to improve the data base for planning in one model region, the KRB.
Urban water management: A 'toolbox model' was developed to analyze deficits, and identify and prioritize interventions. Selected measures were then carried out at pilot scale, including the detection of leakage losses in the drinking water supply network of Darkhan city and several sanitation and wastewater disposal solutions that were adapted to local conditions. They included dry-separation toilet systems for peri-urban areas, constructed wetlands as semi-central systems, and more centralized and technology-intensive treatment options for central urban areas.
Nutrient emission modelling: Poor data availability and inconsistent data were the initial obstacles for nutrient emission modelling at the catchment scale. Therefore, the MONERIS model, which was used in the context of the project, had to be adapted. Some data, e.g., atmospheric deposition of nutrients on water surfaces, had to be estimated by evaluating publications, contacting experts, and applying this knowledge to the river basin characteristics. For the validation of the MONERIS results, mean calculated loads of single years were compared to the observed loads.
Aquatic ecology and environmental impacts: Prior to the project, the surface waters of the KRB had been only poorly described. Neither reference conditions nor surface water types had been defined. The effects of anthropogenic pressures on aquatic ecosystems were largely unknown. An integrated monitoring program from 2006 to 2013, which included hydro-morphological, physico-chemical and biological surveys, helped to come to a first science-based assessment of the state of surface water bodies in the river basin. Such a detailed assessment was found to be the prerequisite for the formulation and implementation of a program of measures to enhance a good ecological status in the Kharaa River.
Conclusions and Recommendations
Quality assured data is a key prerequisite for identifying priorities and planning measures in the context of an IWRM implementation. However, in reality, IWRM is often being promoted as an approach in regions where water-related problems are severe and complex but where data availability is poor. Mongolia, a transition country that is currently experiencing dynamic political and socio-economic changes, is a case in point. While the Mongolian government identified IWRM as the general concept for water management in 29 designated river basins of national importance, data availability for planning measures at the river basin scale or in urban areas is typically poor.
Despite the described effort of the IWRM MoMo project, the gathered data is only a starting point for the development of an RBMP as required by Mongolian legislation. There are still minor data gaps in the assessment of the ecological status and the reference conditions for some water bodies. For a few tributaries of the Kharaa the data situation even remains insufficient for drawing science-based management conclusions. Socio-economic data is either non-existing or difficult to obtain. However, a comprehensive analysis of social issues is important for the country-specific context of Mongolia's IWRM concept to identify human-oriented management strategies that improve livelihood and raise awareness for the advantages of a sustainable water use among the entire population. Also the importance of pollution and water stress of anthropogenic pressures for example tourism, industries, and especially mining is hardly known. Reasons for this are on the one hand the high number of illegal mining sites and on the other hand the lack of legal regulations concerning the registration and inspection of water using and discharging businesses.
According to the present state of knowledge, there are six key recommendations for IWRM implementation in the KRB: 1. A crucial measure to preserve the quantity [19] and the quality [44] of water resources throughout the basin is the protection of the upper stream reaches in the Khentii mountains which can be regarded as "water towers". The mountainous water courses do not only contribute significantly to the discharge of the Kharaa, but also represent important places of reproduction and a refuge for the aquatic fauna. Therefore, these areas must be protected against exploitation, which explicitly includes mining, deforestation, overgrazing and overfishing. 2. The direct and indirect contamination of surface and ground waters by mining and industrial activities needs to be reduced. In particular, this includes waste water ponds as well as tailings of mines and the ash basins of thermal power plants such as in Darkhan [40] . 3. Since wastewater emissions from urban areas represent important point sources of contamination, improvements in centralized urban wastewater systems are essential. Moreover, recent experiences demonstrated that already existing technologies can be successfully adapted to the specific conditions in Mongolia, which include extremely cold winters [81] . 4. The short-circuit from infiltration of untreated wastewater close to groundwater extraction sites for domestic self-supply in river riparian plains has to be disrupted. The installation of adapted semi-central wastewater collection and treatment technologies in combination with timber production is one option that would also reduce the pressure on riparian tree vegetation [33, 81] . 5. The regeneration of river riparian zones has to be fostered by eliminating/reducing the pressure of exploitation (e.g., livestock herding). Protection of the remnants of non-degraded riparian zones as well as areas with a high potential of self-regeneration have high priority [49] . 6. The implementation and enforcement of existing fishery laws which define a minimum size for fish caught as well as off-periods for fisheries are of high importance to preserve the ecological health of the rivers in the long run. A survey among fishermen in the Kharaa catchment in 2012 showed that many locals could not identify protected fish species properly. Moreover, most interviewees were not aware of existing regulations and did not know about the ecological background of off-periods. Therefore, information campaigns and capacity development activities seem to be of the highest importance here.
In conclusion, the IWRM MoMo project has significantly improved the scientific basis for decision-making on the water resources in the KRB. However, the project also demonstrated that the data needs for a science-based IWRM concept are considerable. Therefore, IWRM implementation should, beyond a systematic data collection, also include a defined strategy for measure selection and prioritization that takes into account the poor data situation, since the implementation of obviously necessary components of an IWRM should not be delayed until this is 'definitely proven' by empirical data. This is particularly true for problems and solutions for which there is historical evidence from other regions. Therefore, it can be argued that good practices in water management, sanitation, and water pollution control may also be introduced independently of a comprehensive IWRM concept.
Even though research projects can play a role for improving data availability in data-scarce regions, their transient character also means that they cannot replace routine monitoring which has to be carried out by dedicated local institutions. Moreover, in case of temporary research projects the storage and documentation of data in a way that it becomes accessible to decision-makers in the water sector and other scientists are important concerns.
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